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Pyruvate formate lyase is structurally homologous to type I
ribonucleotide reductase
Veli-Matti Leppänen1, Michael C Merckel2, David L Ollis2,3, Kenny K Wong4, 
John W Kozarich4 and Adrian Goldman1,2*
Background: Pyruvate formate lyase (PFL) catalyses a key step in Escherichia
coli anaerobic glycolysis by converting pyruvate and CoA to formate and
acetylCoA. The PFL mechanism involves an unusual radical cleavage of
pyruvate, involving an essential Cα radical of Gly734 and two cysteine residues,
Cys418 and Cys419, which may form thiyl radicals required for catalysis. We
undertook this study to understand the structural basis for catalysis.
Results: The first structure of a fragment of PFL (residues 1–624) at 2.8 Å
resolution shows an unusual barrel-like structure, with a catalytic β finger
carrying Cys418 and Cys419 inserted into the centre of the barrel. Several
residues near the active-site cysteines can be ascribed roles in the catalytic
mechanism: Arg176 and Arg435 are positioned near Cys419 and may bind
pyruvate/formate and Trp333 partially buries Cys418. Both cysteine residues
are accessible to each other owing to their cis relationship at the tip of the
β finger. Finally, two clefts that may serve as binding sites for CoA and pyruvate
have been identified.
Conclusions: PFL has striking structural homology to the aerobic ribonucleotide
reductase (RNR): the superposition of PFL and RNR includes eight of the ten
strands in the unusual RNR α/β barrel as well as the β finger, which carries key
catalytic residues in both enzymes. This provides the first structural proof that
RNRs and PFLs are related by divergent evolution from a common ancestor. 
Introduction
Pyruvate formate lyase (PFL; EC 2.3.1.54) is the anaero-
bic counterpart of pyruvate dehydrogenase in Escherichia
coli as it catalyses the conversion of pyruvate and CoA to
acetylCoA. PFL differs from pyruvate dehydrogenase in
that formate (reduced CO2) is also produced instead of
CO2 plus two electrons that are salvaged via a cofactor
cascade. The activity of PFL is regulated at both the tran-
scriptional and post-translational levels: under aerobic
conditions it is expressed constitutively but is inactive,
whereas under anaerobic conditions the level of PFL
mRNA increases about tenfold and the enzyme is post-
translationally activated by an activase.
The activation gives rise to the most interesting facet of
PFL: the activated protein contains a relatively stable
glycyl radical, but one that is destroyed rapidly by molecu-
lar oxygen. Knappe and coworkers first described the
radical in 1984 [1] and mapped it to the mainchain on
Gly734 in 1992 [2]. An activase with an iron–sulphur
centre, operating under obligatory anaerobic conditions,
specifically generates the Gly734 radical using a 5′-adeno-
syl radical derived from S-adenosyl methionine to abstract a
Cα hydrogen atom directly from Gly734 [3]. Although PFL
is a homodimer of 85 kDa subunits, only one of the two
possible Gly734 residues is converted to a radical, resulting
in half-site activity [4,5]. Two other residues are also of key
importance in the catalytic cycle of PFL — Cys418 and
Cys419 — one or both of which also participate in the
radical chemistry (reviewed in [4,5]). PFL was thus the first
known, and remains the best studied, example of an
enzyme with a catalytically important mainchain radical. 
The chemical mechanism of PFL remains unclear, although
ping-pong kinetics via the intermediacy of an acylenzyme
are well established. We proposed [5,6] a homolytic mecha-
nism (Figure 1) analogous to that of the Fenton–Minisci
reaction of pyruvate esters [7]. The mechanism is based on
an equilibrium between the glycyl radical and a Cys419
thiyl radical [8,9]. The Cys419 radical is proposed to add to
the keto moiety of pyruvate to yield a tetrahedral oxyradical
intermediate (transition state) analogous to that of the
Fenton–Minisci reaction. Collapse of this species forms the
acylenzyme intermediate and expels formate radical anion
(⋅CO2–), which can then regenerate the glycyl radical by
abstracting a hydrogen atom from Gly734 to yield formate.
As only Cys418 is required for thioester exchange [10], we
further proposed an acyl group migration from Cys419 to
Cys418, followed by subsequent transfer to CoA. We sug-
gested that the transthioesterification was heterolytic,
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although a homolytic mechanism is also possible [11]. Other
mechanistic proposals [10] have been offered.
Other enzymes are similar to PFL, such as the 2-keto acid
formate lyase TdcE, which exhibits 79% sequence iden-
tity with PFL [12]. The toluene metabolic enzyme TutD,
although only 22% identical to PFL, contains Gly828 and
Cys492 (corresponding to PFL Gly734 and Cys419),
which have been shown to be necessary for activity [13].
The TutD homologue, benzylsuccinate synthase, with
24% identity to PFL, has also been described as a glycyl
radical enzyme [14]. Ribonucleotide reductases (RNRs),
currently grouped into three classes, constitute the other
major group of thiyl-radical enzymes. Two proteins, with
the exception of the adenosylcobalamin cofactor-utilizing
(class II) ribonucleotide reductases, are involved — the
R1 reductase and an R2 ‘activase’ which, as with PFL, is
required to generate the active site Cys–S· thiyl radical.
Different chemistry is used in each class [15]. Most similar
to PFL are the anaerobic (class III) ribonucleotide reduc-
tases (RNR-III); in these enzymes the R2 generates the
thiyl radical, as in PFL, by an Fe–S centre using S-adeno-
syl methionine as the electron source. Furthermore, RNR-
IIIs have stable oxygen-sensitive glycine radicals, as does
PFL, and RNR-IIIs use formate as a two-electron reduc-
ing agent [16], whereas PFL generates formate. In E. coli
RNR-III, the glycine radical is Gly681 [17], but the
sequence homology between PFL and the RNR-IIIs does
not appear to extend outside the oligopeptide containing
the glycine which is converted into a radical [5]. 
The only RNR for which structure and detailed mechanism
are known is the E. coli RNR-I, although the first report of
an RNR-III structure appeared after this manuscript was
submitted [18,19]. RNR-I R2 protein contains a stable difer-
ric tyrosyl radical (see [15]). The radical is transmitted tens
of Ångstroms to Cys439 in the R1 protein (reviewed in
[15]), which, as with Cys439–S·, is proposed to abstract a
hydrogen atom from the 3′-carbon on ribose [20]. RNR-I R1
protein has a unique ten-stranded α/β barrel, composed of
two halves related by a pseudo-twofold axis with five
strands ‘up’ and five strands ‘down’ [21]. The centre of this
expanded barrel has a β-hairpin loop that carries Cys439.
The two other key cysteine residues are Cys225 and
Cys462, from the first and sixth strands of the barrel. Tyr730
and Tyr731, in the tenth strand, are implicated as part of the
long-range one-electron reduction of Cys439 [15,21].
This paper reports, at 2.8 Å resolution, the first structure
of a major (but inactive) fragment of PFL (PFL1–614).
The distant but significant structural homology between
PFL and RNR-I reported here expands the family of evo-
lutionarily-related enzymes that use a protein-based
radical beyond the RNRs. Moreover, the structure pro-
vides a framework for further understanding the mecha-
nism of this unusual radical enzyme. 
Results and discussion
Structure determination
The structure of PFL was determined using combined
phases from a multiple isomorphous replacement experi-
ment with anomalous scattering (MIRAS) and from multi-
wavelength anomalous diffraction (MAD). MIRAS phasing
(Table 1) was performed using two mercury derivatives
and a low-resolution single-wavelength selenomethionine
(SeMet) data set, combined with MAD phasing from one
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Figure 1
Current model [5] of the chemical mechanism
of PFL. The three residues known to be
involved in catalysis are shown. The species
that contains the radical formate anion is
marked ‘A’.
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of the mercury derivatives (see Materials and methods
section). The resulting electron-density map was of good
quality and the chain could be traced from residue 4 to 614;
the first three and last ten residues are disordered. Two
surface loops (292–296 and 325–328) had only weak
density and those residues were truncated to alanines.
About 20 surface residues per monomer, mostly lysine and
glutamate, had poor sidechain density and were truncated
to alanines. The refined structure currently has an R factor
of 22.8% with an Rfree of 25.2% at 2.8 Å resolution
(Table 2). All of the residues are in the most favoured or
additional-allowed regions of the Ramachandran plot [22].
Structure description
PFL1–614 is a two-domain protein, built from a partial
parallel α/β barrel (Figures 2 and 3) with large excursions.
Overall, the protein resembles a right hand with the
fingers curved up and the thumb folded across the palm
(Figure 3a). Viewed this way, the palm would be the
partial α/β barrel, the fingers a second domain of unknown
function, and the thumb a long catalytic loop. The ‘barrel’,
viewed from above, is about as closed as a capital G back-
wards  (Figure 3b), so we call it a ‘G-barrel’. The excur-
sions wrap around the G-barrel and also create the fingers
domain. The G-barrel contains eight strands, but is in no
way related to the conventional α/β-barrel proteins. 
The protein has a long N-terminal extension (residues
1–174) before the start of the barrel at βA (Figures 3
and 4). First, three short helices close off the ‘bottom’ of
Research Article  Homology of pyruvate formate lyase and ribonucleotide reductase Leppänen et al. 735
Table 1
Data collection and heavy-atom phasing statistics.
Data set Native MeHgAc THIO-1 THIO-2 THIO-3 SeMet
X-ray source ID14 ID14 ID14 BW7A BW7A BW7A
Wavelength (Å) 0.933 0.933 0.933 1.0092 0.8321 0.9792
Resolution (Å) 2.8 3.0 3.0 3.1 3.1 4.0
Unique reflections 58,556 47,231 47,457 42,720 42,702 20,289
Average redundancy 5.3 2.7 3.8 3.8 3.6 3.3
Average I/σ(I) 22.7 (3.9) 15.1 (2.8) 17.3 (3.9) 7.4 (2.2) 8.1 (2.3) 5.1 (2.0)
Completeness (%) 97.9 (96.7) 97.0 (92.1) 97.6 (95.6) 97.4 (88.8) 97.3 (90.8) 97.8 (92.2)
Rsym* 0.045 (0.195) 0.071 (0.242) 0.055 (0.207) 0.067 (0.227) 0.073 (0.224) 0.138 (0.355)
MIR analysis
Number of sites 10 8 8 8 50
Riso (%)† 19.3 (24.2) 18.9 (23.3) 28.9 (35.2)
Phasing power ‡ 1.17 (1.38) 1.22 (1.47) 0.81 (0.61)
RCullis§ 0.81 (0.97) 0.79 (1.00) 0.86 (0.90)
MAD analysis
Phasing power‡ 0.61 (0.37) – 0.64 (0.44)
RCullis§ 0.93 (0.98) – 0.98 (1.03)
Figure of merit#
MIR 0.58 (0.45)
MIR and MAD 0.64 (0.48)
From solvent flattening 0.76 (0.59)
From twofold averaging 0.85 (0.73)
Numbers in parentheses refer to statistics for the highest resolution
shell. MeHgAc, THIO and SeMet are the methyl mercury acetate and
thiomersal derivatives and selenomethionine-substituted protein,
respectively (see text). *Rsym is the R factor for comparing the intensity
of symmetry-related reflections, defined as ∑ | Ii – <I> | / ∑ Ii where Ii
is the intensity of the ith observation and <I> the mean intensity of the
reflection. †Riso is the measure of the isomorphous difference between
the native protein FP and the derivative FPH data defined as
∑ | FPH – FP | / ∑ | FP |. ‡The phasing power for acentric reflections is
defined as the root mean square of (| FH | / E), where FH is the
calculated heavy-atom structure-factor amplitude and E is the residual
lack of closure error. §RCullis is defined as ∑ | E | / ∑ | FPH – FP | for
centric reflections. MAD phasing power, RCullis and mean figure of
merit were computed for reflections between the reference (THIO-2)
and the other wavelengths using the program MLPHARE [41]. #The
overall figure of merit values were calculated with DM [42].
Table 2
Crystallographic least-squares refinement statistics.
Resolution (Å) 20–2.8
No. of unique reflections 58,723
Reflections in the test set 5344
Rwork* (%) 22.8
Rfree† (%) 25.2
Average B factor 63.7
No. of protein atoms 9572
No. of water molecules 234
Bond length deviation (Å) 0.0088
Bond angle deviation (°) 1.45
Ramachandran plot
residues in most favoured regions (%) 85.2
residues in additionally allowed regions (%) 14.8
*Rwork is defined as ∑ || Fobs | – | Fcalc || / ∑ | Fobs |, where Fobs and Fcalc
are the observed and calculated structure-factor amplitudes,
respectively. †Rfree is the R factor for the test set (see text). 
the G-barrel (Figure 3a), and then a long piece of
extended polypeptide winds around and up the G-barrel
to α4, beside and somewhat ‘above’ αB and αC in the
G-barrel (Figure 3c). Following this is one of the more
unusual pieces of secondary structure in the protein: β1
and β2 form a solvent-exposed two-stranded parallel β
sheet, joined by a twisted antiparallel loop. Helices α7 and
α8 buttress the second large excursion which hangs over
the barrel (Figure 3a). 
The G-barrel starts at residue 175 with strand βA. It is fol-
lowed by the first excursion (residues 187–239), which
includes the α10–α11 helical hairpin (Figures 2 and 3c)
that may be involved in the dimerisation and half-site acti-
vation of PFL (see below). Following this is a conven-
tional α-turn-β unit (αA–βB), and then a long loop that
connects across the top of the G-barrel to the βC–αC unit.
The important feature of the loop and βC is that, as they
are longer than the rest of this side of the G-barrel
(Figure 3b), they protrude above the barrel, forming the
‘thumb’ (Figure 3a) and carrying the active-site residue
Trp333 (see below). A conventional β-turn-α-turn-β unit
(βD-αD-βE) follows. 
Strands βB–βE and helices αA–αD of the G-barrel super-
impose quite well on a number of conventional α/β-barrel
proteins when searches are performed using the program
DALI [23]. It is what happens next that marks this protein
as being completely unrelated to those α/β-barrel
enzymes. Following βE is a feature seen before only in
RNRs [21]. Helix α13 cuts across the five strands com-
pleted so far to the bottom centre of the G-barrel. From
this, an antiparallel β-strand loop (β3 and β4) sticks up like
an index finger into the G-barrel centre. The two key
active-site cysteine residues, Cys418 and Cys419, are in a
turn at the top of the finger.
Furthermore, the hairpin loop not only brings the chain
across to βA from βE, but also reverses the strand direc-
tion so that the remaining three strands are in the opposite
direction to the first five — winding ‘up’ the G-barrel, not
down. The first part of the long strand β5/βF is part of the
G-barrel, antiparallel to βA, and the second part of β5 is
above (hence the dual designation). Strand β5 thus begins
the second long excursion (Figure 4) which, together with
the third excursion, forms the ‘fingers’ domain
(Figure 3a), buttressed by α7 and α8 from the N-terminal
extension. The excursions end with the long helix α15,
which runs down the back of the fingers domain to the
bottom of the barrel (i.e., it is also G-barrel αF). The
bottom half of β9/βG is part of the G-barrel, parallel to βF
and βH, and its top half starts the third excursion. The
second and third excursions have topologies that are the
reverse of each other: both have a strand extended above
the G-barrel (β5 or β9, respectively) followed by an α
helix, but the antiparallel loop of three short strands has a
right-handed twist in excursion two, but a left-handed
twist in excursion three (Figure 3c). Following the antipar-
allel loop is a long ‘spine’ helix (α15/α18). The eighth and
last G-barrel strand (βH) makes parallel hydrogen bonds
to the barrel section of β9/βG, but does not hydrogen
bond to βE, as would be required to complete the barrel
(Figure 3b). Finally, the polypeptide strand turns 90° and
appears to point away from the barrel centre (β13)
(Figure 3a). The last ten residues (615–624) are missing in
our current model. 
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Figure 2
Stereoview Cα trace of PFL (residues
4–614) from the ‘back’ of the protein. Every
50th residue is numbered. The α10–α11
helical hairpin that may be involved in forming
the dimer can be seen on the left, around
residue 200. (The figure was drawn with
MOLSCRIPT [51].)
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Figure 3
Cartoons of PFL, with helices shown as
spirals and strands as ribbons. (a) The overall
fold of PFL in stereo, shown from the front to
emphasize the right-hand nature of the
structure; a right hand is drawn to the side.
The β finger and ‘thumb’, which is folded in
from the right and covers Cys418, are
highlighted and coloured in cyan. The three
large excursions are coloured yellow
(excursion 1, E1), red (excursion 2, E2) and
magenta (excursion 3, E3), the N-terminal
extension is in green and the C-terminal
strand (β13) is in gold. (b) The left-handed
G-barrel of PFL in stereo, viewed from the
‘top’ where substrate enters. The secondary
structure elements are labelled. The β finger
and the thumb are in cyan as in (a); G-barrel
strands are in gold, G-barrel helices are in
blue and connections are in red. (c) Three
mono views of (left to right), the N-terminal
extension, excursion two and excursion three,
coloured as in (a). Secondary structure
elements are labelled. (The figure was drawn
with MOLSCRIPT [51] and Raster3D [52].)
Intriguingly, in PFL, not only is there a solvent-exposed
parallel β loop on the outside (see above), but also the
centre of the parallel G-barrel in our structure is not com-
pletely closed to solvent at strands βE to βH, because of
the absence of the last two strands that occur in RNR-I R1
protein [21]. Is the G-barrel, therefore, an artefact? We
believe not, on the basis of two lines of evidence. First, this
fragment of PFL can be easily produced from the full-
length protein by trypsin digestion [10,24]. If the trypsin
cut between the eighth and ninth strands of a closed paral-
lel-stranded barrel, the resulting structure should be unsta-
ble and so be rapidly proteolysed, which is not the case.
Second, the archaeal Thermoplasma acidophila RNR-II R1
protein, related by divergent evolution to RNR-I R1 and
RNR-III R1, seems on the basis of sequence analysis to
lack the last two barrel strands [25]. On the other hand,
both RNR R1 proteins for which structures have been
solved have complete ten-stranded barrels [18,21]. (Since
this manuscript was submitted, Kabsch and coworkers have
solved the structure of intact PFL [W Kabsch, personal
communication] and find a ten-stranded barrel, not the
eight-stranded part barrel seen in this proteolytic fragment.)
Mechanism
The most interesting features of the PFL mechanism are
the generation and stabilisation of the glycyl radical, the
chemical mechanism of pyruvate cleavage and acyl group
transfer, and the basis for half-site reactivity of the homo-
dimer. The current structure suggests possible explana-
tions for all except the first feature.
The proposal [10] that the radical from Gly734 is trans-
ferred directly to Cys418 to initiate cleavage of a pyruvate
thiohemiketal at Cys419 is unlikely. First, our previous
mechanistic work shows that the Gly734 radical is in equi-
librium with a Cys419 thiyl radical, but not with Cys418
[8,9]. Second, Cys418 is more buried than Cys419
(Figure 5), suggesting that it is likely to be less accessible
to Gly734 in the intact protein. In fact, no data consistent
with thiyl radical formation at Cys418 currently exist, as no
products of the quenching of such a radical by O2 or thiols
have been found. Finally, the buried position of Cys418
seems consistent with the biochemical data. Of course,
this assumes that the surface accessibility of Cys419 in this
fragment will ultimately be complemented by a close
contact to Gly734 in the full structure, as seems to occur in
anaerobic RNR-III R1 [18].
Arg176 and/or Arg435 are likely to be involved in pyru-
vate/formate binding and charge neutralization because
they are close to Cys419 (6.3 and 4.3 Å, respectively, from
the Cys419 SH) (Figure 6) and presumably would be pulled
towards Cys419 when a pyruvate is bound there. Further-
more, a strong ionic interaction between the carboxylate of
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Figure 4
A schematic of PFL, showing the order of
secondary structure elements. Helices are
shown as rectangles and strands as arrows.
The colour-coding is as in Figure 3a.
Secondary structure elements are labelled
and numbered, and the longer strands and
helices in the G-barrel are shown. For clarity,
the N-terminal extension (green) is drawn
above the G-barrel, and the finger loop (in
cyan) is shown below the G-barrel.
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pyruvate and these arginines could direct thiyl radical addi-
tion to the keto group of pyruvate and not to effecting one-
electron oxidation of the carboxylate to generate a carboxyl
radical with rapid decarboxylation, as occurs in Fenton’s
chemistry on pyruvate itself [7]. Following fragmentation of
the oxyradical intermediate, Arg435 and Arg176 are avail-
able to bind and stabilize the formate radical anion (step A;
Figure 1). This is again consistent with our earlier proposal
[5]. Conversely, Arg435 and Arg176 are too far from Cys418
[10] to help bind a pyruvate/formate anion species there.
We propose the upper cleft (cleft 1; Figure 5), lined by both
Arg435 and Arg176, as the path by which pyruvate enters
and formate anion leaves, and favour mechanisms in which
the first step is generation of a Cys419 thiyl radical, fol-
lowed by homolytic attack on the pyruvate [5,11]. 
In the final chemical steps, the formate radical anion
abstracts a hydrogen atom from Gly734, the acetyl group is
transferred to Cys418, and coenzyme A is transthioacety-
lated to yield acetylCoA. We originally proposed that the
transthioacetylations occur by thiolate attack (Figure 1)
[6]. This was because Cys419 is required for hydrogen
exchange with Gly734, whereas Cys418 is unnecessary
[26]; the Cys418→Ser mutant, but not the Cys419→Ser
mutant, can transfer the radical to acetylphosphinate.
Alternatively, the attack could proceed by a thiyl radical
mechanism [11]. As mentioned above, Trp333 (Figure 6)
partly buries Cys418 in a hydrophobic pocket (Figure 5).
This might stabilise the Cys418 radical for homolytic
transfer, or it might increase the nucleophilicity of the
Cys418 thiolate, facilitating a heterolytic transfer. Finally,
an important role for the lower cleft (cleft 2; Figure 5)
could be the binding of CoA because the positive charges
in the lower cleft (Arg313 and Arg316; Figure 5) are about
16 Å from Cys418 Sγ, consistent with binding CoA, where
the three phosphates are 13–20 Å from the SH. 
Sequence alignments show that the residues identified by
structure as potentially important in catalysis (Arg176,
Arg313, Arg316, Arg435 and Trp333) are as conserved as
Cys418 in the 416IA/SCCVSPM/L423 motif (single-letter
amino acid notation) in the finger loop in PFLs (data not
shown). Proteins that are clearly PFLs (sequence
identity ≥ 40%) possess all the arginines and tryptophan
mentioned above; proteins like TutD [13] (sequence iden-
tity 26%), which have the glycine radical but which proba-
bly have different substrates and mechanisms, possess
neither Cys418 nor the arginines and tryptophan. We take
this as additional evidence that the arginine and trypto-
phan residues above are probably important in catalysis.
Two surfaces appear to be available: one is presumably the
binding site for activase, and the other contains the C-ter-
minal domain, including Gly734. The more prominent
surface is the broad, flat ‘finger’ region above the barrel
(Figure 5). The area of the surface is about 4000 Å2, which
is not unreasonable for a protein–protein interaction
surface. It also places the activase, which uses S-adenosyl
methionine to abstract a hydrogen atom directly from
Gly734, above Cys419, consistent with Cys419 being in
communication with Gly734 [26]. If so, the C-terminal
domain would come in from the ‘side’ (Figures 3 and 5),
that is from the same direction as RNR-I R1 Tyr730, which
generates the radical at Cys439 in RNR-R1 (see below).
The crystal structure suggests two possible allosteric
mechanisms for PFL based on the two possible dimeric
interfaces between the noncrystallographically related A
and B monomers. The larger interface buries 3810 Å2 in a
‘back-to-back’ A–B interaction, chiefly due to the first
large excursion (α10 and α11; Figure 2) packing against
α8′, α9′, α20′ and αF′ in the other monomer. In this case,
the oligomeric interaction from one active site to the
other would be indirect. An alternative is a ‘domain-
swapped’ dimer [27]: residues 604–614 are best built as
an antiparallel two-stranded ribbon between a different
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Figure 5
An accessible surface representation of PFL, drawn with GRASP [28].
Residues are coloured by type: positive residues, blue; negative, red;
hydrophobic, yellow. The two cysteines are in green and Trp333 is in
magenta at the end of the hydrophobic thumb (which is labelled).
Cys418 is below Cys419 in this view, and more buried. Arg176 and
Arg435 form the positive patch above and to the right of the cysteines
at the start of cleft 1; Arg313 and Arg316 are at the lower end of cleft
2. The fingers (labelled) come out towards the viewer and seem to
provide a prominent surface for PFL activase binding. The C-terminal
domain (labelled) is believed to come in from the left in this view.
pair of non-crystallographically related molecules (an A–B
‘face-to-face’ interaction). This interface, calculated using
GRASP [28] buries 2200 Å2. If this is the biological dimer,
forming a radical at Gly734 (and thus altering the C-ter-
minal domain conformation) would directly affect the
conformation of the C-terminal domain in the other
monomer by ‘pulling’ on the antiparallel β ribbon. In
addition, heterodimers with different mutations in each
monomer (e.g. a Cys418→Ser–Gly734→Ala heterodimer)
would be active because the active site would be formed
from both monomers. Although this has yet to be tried in
PFL, biological complementation experiments in which
the radical glycine of the PFL homologue TutD was
mutated to alanine were consistent with precisely such
a model [13].
Pyruvate formate lyase and ribonucleotide reductases are
related enzymes
A search for structural homologues using DALI [23] iden-
tified part of the E. coli RNR [21] as similar to PFL
(Z score 4.0 for 115 residues of 737). This match was just
tenth in the list, but inspection showed that the PFL
G-barrel is in fact similar to the RNR-I R1 protein ten-
stranded barrel; the other matches were just parts of con-
ventional α/β barrels. The superposition of RNR-I R1 and
PFL varied between root mean square deviations (rmsd)
per Cα of 2.2 Å (144 residues, using the ‘medium’ option
in LSQMAN [29]) to 2.85 Å (221 residues included; maxi-
mally matched segments). 
The first 153 residues in PFL have no correspondence in
RNR-I R1; these residues form the large N-terminal
extension in PFL. RNR-I R1, on the other hand, has a
~220-residue long N-terminal domain [21], replaced in
PFL by the fingers domain described above. In addition,
the loops superimpose poorly, except where noted below.
The two structures start matching in the middle of α8, just
before barrel strand βA (Figure 7). The next helix-turn-
strand (αA–βB) superimposes quite well, but the follow-
ing αB helices are half-a-turn out of register and the
αB–βC loop is different and longer in PFL because it
carries the thumb (Figures 3b and 7a). The βC–αC unit is
similar, but the βD strands make different angles to the
barrel axis, presumably owing to the differences in the
PFL G-barrel versus the RNR-I R1 complete barrel
(Figure 7a). Helix αD and strand βE superimpose well.
The antiparallel catalytic finger is also surprisingly differ-
ent in the two enzymes, possibly reflecting the difference
in substrates and reaction; the only common mechanistic
feature is, in fact, the cysteine thiyl radical. However, the
fingers have some structural similarity, more pronounced
in the second strand, β4 (Figure 7).
The first two strands and helices of the second half of the
barrel are the most similar parts of the two structures. All
of β5 superimposes, as does α14 and the end of the last
helix in the second PFL excursion (α15). Similarly, the
third excursion, β9, the subsequent excursion helix (α17)
and the return helix (α18) in PFL all have structural
homologues in RNR-I R1. The three PFL excursions and
the N-terminal meander (residues 1–153) occupy much of
the space of the N-terminal domain in RNR; PFL and
RNR both possess a second domain, although it is con-
structed differently in the two enzymes.
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Figure 6
Stereoview of the PFL active site drawn using
ball-and-stick representation for sidechains of
potential importance in the active site, with
β strands shown as ribbons. β Strands are
shown in gold, connections are in red and
atoms are colour-coded: black for carbon,
blue for nitrogen, and yellow for sulphur. (The
figure was drawn with MOLSCRIPT [51] and
Raster 3D [52].)
The active sites of the two enzymes do not superimpose
very well, presumably reflecting both their very different
catalytic activities and the evolutionary distance between
them. Indeed, the turn at the top of the loop is one residue
longer in RNR-I R1 (Cys439–Glu441) than in PFL
(Cys418–Cys419). Cys439 (the thiyl radical in RNR-I R1)
sits at the top of the finger (Figure 7b); it matches best to
Cys418 but can also match to Cys419. Arg176, which may
be involved in charge neutralisation of and hydrogen
bonding to pyruvate (see above), aligns structurally with
Cys225 (Cα deviation 3.25 Å) which, in RNR-I R1, is one of
the two redox-active residues and which also hydrogen
bonds to the 2′-oxygen of ribose [20]. Furthermore, the
head group of PFL Arg176 is 4.8 Å from the Sε atom of
Cys462 (Figure 7b) in the oxidised form of RNR-I R1 [21].
Cys462 is the other redox-active cysteine in RNR-I R1. The
active-site Glu441 Oε2 carboxylate oxygen of RNR-I R1,
which is at hydrogen-bonding distance from the 3′-oxygen
of the ribose ring, is within 1.4 Å of the backbone oxygen of
Cys418. There is, however, no residue corresponding to
RNR-I R1 Tyr730, because such a residue would be in the
C-terminal part of the molecule, which is absent in the
clone we used [24], and because Tyr730 is a residue unique
to the aerobic RNR radical shuttle activation mechanism.
Anaerobic RNR-III R1 and PFL have different catalytic
mechanisms, but both utilise a similar glycyl radical and so
this aspect of the two enzymes should be conserved. 
The evolution of the RNR fold
Our work and that of Logan et al. [18] provide definitive
structural proof that PFL is related to the RNRs by diver-
gent evolution: RNR-I R1 and RNR-III R1 protein share
the same unusual five-up, five-down α/β barrel with a cat-
alytic finger loop inserted into the middle; PFL appears to
have a modification of this in the form of a five-down,
three-up G-barrel. The similarity of all RNRs was first
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Figure 7
Stereoview superpositions of PFL and RNR-I
R1, using the ‘maximal-match’. (a) Overall
view, approximately down the barrel axis. The
matched Cα atoms in PFL (blue) and RNR-I
R1 (purple) are shown. The active-site β finger
in both is shown, coloured cyan in PFL and
orange in RNR-I R1. The secondary structure
elements are labelled as in PFL. (b) A view
illustrating the similarity between PFL and
oxidised RNR-I R1 in their active-site fingers.
The overlap between Cys418 of PFL and
Cys439 of RNR-I R1 is shown, although (see
text) PFL Cys419 can also be overlapped on
RNR-I R1 Cys439. PFL is coloured cyan and
RNR-I R1 gold; oxygen atoms are in red,
carbon atoms in black; sulphurs in yellow; 
and nitrogens in blue. The overlap of the
Cys419 and Glu441 sidechains is shown, as
well as the overlap of Arg176 with Cys462
and Cys225. (The figure was drawn with
MOLSCRIPT [51] and Raster 3D [52].)
suggested by Stubbe [30], on the basis of the similarity in
chemistry, and very clearly indicated by the presence of
‘sequence bridges’ between archaeal RNR-IIs and both
RNR-Is and RNR-IIIs [25,31]. The structures of RNR-III
and PFL are sufficiently diverged that no sequence
homology outside the RVXSG sequence around the glycyl
radical remains, and structure-based sequence alignments
of RNR-I R1 and PFL also indicate no similarity — 24
identities out of 221 superimposed residues. The structure
of PFL seems to be more similar to that of RNR-III R1
than to RNR-I R1, which is to be expected given that both
PFL and RNR-III R1 have a similar activation mechanism
involving a glycyl radical [32–34], and both use or generate
formate [16]. Intriguingly, archaeal RNR-II R1s appear to
have eight, not ten, strands [25], and have been proposed
to be ancestral to the other classes of RNR R1s [31].
The mechanistic link between these enzymes is that the
radical directly involved in the reaction catalysed by RNR
R1 or PFL is a protein-based (thiyl) radical, rather than a
cofactor. We therefore suggest that enzymes that use thiyl
radicals may share a common core structure and a common
evolutionary origin; all other protein structures solved so
far that use radicals contain cofactors of various kinds that
are directly involved in the catalytic mechanism, rather
than supplying radicals for use elsewhere.
Biological implications
The dimeric pyruvate formate lyase (PFL) is the final
enzyme in anaerobic glycolysis in Escherichia coli, gen-
erating formate and acetylCoA from pyruvate. The
enzyme has an unusual radical mechanism involving a
stable but oxygen-sensitive mainchain glycyl radical
(Gly734), which is then shuttled to Cys419; Cys418 is
involved in transesterification. The structure of the large
domain of PFL provides definitive proof that PFL and
the R1 protein of aerobic ribonucleotide reductase
(RNR-I R1) are related by divergent evolution, as has
been suggested previously [35]. Both enzymes share a
unique α/β-barrel arrangement, with five ‘up’ strands
and three (PFL) or five (RNR-I R1) ‘down’ strands;
the up and down strands are linked by a unique β finger
that, in both enzymes, carries a key thiyl radical, Cys419
in PFL and Cys439 in RNR-I R1. There is no evidence
for this relationship at the sequence level. 
For the first time, structure-based explanations of aspects
of the PFL mechanism are possible. Radical transfer is
from Gly734 to Cys419, not Cys418 [36], because Cys418
is more buried than Cys419 and so less accessible to
Gly734 in the full enzyme structure. In addition, Arg176
and Arg435 are close to Cys419 to assist in pyruvate or
formate binding and provide a chemical explanation as to
why the Cys419 thiyl radical attacks, as it must, the keto
group of pyruvate, and not the carboxylate group. PFL
may be a ‘domain-swapped’ dimer, linked by a β-strand
ribbon at the C termini of our structure so that both
monomers contribute to each active site in the homo-
dimer. This would explain simply why only one of the two
Gly734 residues in the PFL homodimer is converted to
the active radical form. 
Finally, this and other very recent work [18,19] demon-
strate that PFL and the R1 protein of anaerobic ribonu-
cleotide reductase (RNR-III R1) have related structures;
it has been known for some time that they have related
mechanisms, including the glycine radical and the pro-
duction (PFL) or use (RNR-III R1) of formate. PFL
and RNR-III R1 are thus related enzymes [35] —we
therefore conclude that PFL and all three classes of
RNRs share a similar structure. The PFL structure
expands the family of evolutionarily related enzymes that
use a protein-based (thiyl) radical beyond the RNRs.
Materials and methods
Purification, crystallization and preparation of heavy-atom
derivatives
Cloning, overexpression and purification of the 70 kDa proteolytic fragment
of E. coli PFL have been reported elsewhere [24]. The dimeric enzyme
crystallised in space group P61/5 with cell dimensions of a = b = 140.6 Å
and c = 215.7 Å and with two molecules per asymmetric unit. Useful
mercury derivatives were obtained by soaking the crystals at pH 6.5; at the
crystallisation pH of 7.6, all mercury compounds were too reactive. Two
mercury derivatives used in phasing were prepared as follows: 0.5 mM
thiomersal for 3 h and 0.02 mM methyl mercury acetate for 2 h in 25%
polyethylene glycol (PEG) 1000, 0.1 M MES buffer pH 6.5 and 10% ethyl-
ene glycol at 21°C. The best mercury derivative (THIO; Table 1) was
obtained by backsoaking a thiomersal-derivatised crystal for 1 h.
To produce SeMet-substituted PFL, the methionine auxotrophic E. coli
B834(DE3) strain was transformed with the vector pKK-PFL encoding
PFL [24] and grown in L-selenomethionine-containing minimal media [37].
Cells were grown at 37°C to an optical density of A600 nm = 0.5, induced
with 1 mM isopropyl-β-D-thiogalactopyranoside (IPTG) and grown at 37°C
for a further 24 h. The purification steps were as before [24] except that all
buffers were degassed with helium and contained 10 mM dithiothreitol.
Data collection, structure solution and MIR/MAD phasing
A search for potential derivatives was carried out at 5 Å resolution
using an RAXIS II-C system mounted on a Rigaku RU-200B rotating
anode generator with graphite-monochromated Cu Kα radiation. The
soaking solution was readily flash-freezable and all diffraction data were
collected at –170°C. The native data and the mercury derivatives were
collected on beamline ID14-EH3 at ESRF (Grenoble, France) using an
18 cm MAR CCD detector at 0.933 Å. The crystals were saved and
later more data were collected on THIO on beamline BW7A at the
EMBL outstation in Hamburg, DESY, using a 30 cm MAR Research
image plate. This allowed us to obtain a full three-wavelength MAD set
by combining ESRF and DESY-Hamburg data (Table 1). In addition,
data were collected at the selenium absorption edge to 4 Å on a very
small (50 µm cross-section) SeMet PFL crystal on the BW7A beam-
line. Data were initially processed with DENZO and SCALEPACK [38],
except that the Hamburg data was scaled with SCALA [39] (Table 1).
The first mercury sites in the THIO derivative were found using the Patter-
son correlation search methods implemented in HERCULES [40] and
confirmed by manually inspecting the isomorphous and anomalous differ-
ence Patterson maps. Heavy-atom parameters for THIO were refined and
the phases calculated using XHEAVY [40]. Subsequently, refinements and
phase calculations were performed in MLPHARE [41] in the CCP4
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package [42]. The preliminary phases were used to calculate residual and
cross-difference Fourier maps. The mercury derivatives shared three
common sites per monomer, which later proved to be at Cys122, Cys418
and Cys419. The space group was determined to be P65 by calculating
mercury-phase SeMet anomalous difference Fourier maps in both P61 and
P65, and choosing the one that gave positive anomalous difference peaks.
Iterative cycles of peak picking, refinement and residual Fourier maps finally
gave all 50 expected SeMet sites. The final MIR refinement from the
SeMet and two mercury derivatives had an overall figure of merit (FOM) to
3.0 Å of 0.53 (Table 1). This overstates the phase quality because the two
mercury derivatives had six sites in common, and the SeMet crystals did
not phase beyond 4.0 Å. MAD phases were calculated with MLPHARE by
refining first the dispersive differences and then the anomalous differences.
The MIR phases and MAD phases were combined using SIGMAA [43],
and the resulting FOM to 3.1 Å was 0.64 (Table 1).
The experimental phases were improved by solvent flattening and histogram
matching using DM [44], with the solvent content of the unit cell set to
72%. The program FINDNCS [45] was used to determine the noncrystallo-
graphic symmetry (NCS) matrix from the 50 selenium sites. We then used
DM to perform one round of symmetry averaging; the final FOM was 0.85
(Table 1), giving an easily interpretable electron-density map (Figure 8).
Model building and crystallographic refinement
The resulting protein maps at 3.1 Å resolution were skeletonised using
MAPMAN [46], with the electron-density level for mainchain atoms set to
2.5σ. A polyalanine trace was then made in three pieces (later shown to
be residues 10–291, 297–322 and 329–608) for one PFL subunit using
the skeletonised maps as guides and the automated model-building tools
in O [47]. Electron density for nine N-terminal and 16 C-terminal residues
and for residues 292–296 and 323–328 was poor, but sidechains could
be added to about 80% of the residues. The 25 SeMet residues per
monomer made it trivial to establish a sequence–structure registration. 
Ten percent of the full data set was excluded from the refinement
process [48] for free R factor (Rfree) calculation. The initial crystallo-
graphic Rwork and Rfree for the dimeric model with data between 8.0 and
3.0 Å resolution were 43.5% and 43.9%, respectively. The R factors
dropped to 34.2% and 38.5% after rigid-body refinement and one
cycle of simulated annealing in the program X-PLOR, version 3.851
[49]. Initially, strict NCS restraints (weight = 500) were used, but once
the model improved they were released for residues involved in crystal
packing and decreased (weight = 300) for the rest of the model. We
then switched to CNS [50] for refinement. Two more rounds of refine-
ment at 3.0 Å, with a bulk solvent and B-factor correction applied and
with a round of manual rebuilding, gave Rwork and Rfree of 32.9% and
35.6%. After ten cycles, we decided to correct the data using the
anisotropic temperature factor option in CNS, because the crystals
clearly diffracted worse along the 65 screw axis. The three independent
anisotropic tensor parameters produced by CNS are Bx = –14.421,
Bxy = –17.250, and Bz = 28.842, and the R factors for data from
20–2.8 Å dropped from 33.4/33.5% to 28.2/30.8%.
At the end of the refinement, water molecules were added to peaks
above 3.8σ in the (Fo–Fc) difference map, if they had suitable hydrogen
bonding geometry. After 11 rounds of model building and refinement,
the R factor converged to 22.8% with an Rfree of 25.2% for data from
20.0 to 2.8 Å. The stereochemistry of the model was checked with
PROCHECK [22] (Table 2). The final model contains 611 residues and
234 water molecules. 
Accession numbers
Atomic coordinates of the E. coli PFL crystal structure have been
deposited with the Protein Data Bank with accession code 1QHM.
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